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1. Introduction 
Carbon dioxide capture and storage (CCS) for power generation and industry is an important new technology and 
one of the major near-term solutions to reducing greenhouse gas (GHG) emissions. The IEA reports in Energy 
Technology Perspective 2008 that CCS could account for as much as 19 percent of total CO2 reductions along with 
other options [1]. CCS is the process of separating CO2 from large CO2 emission sources such as fossil fuel power 
plants (coal, natural gas, or oil, etc.) and then storing the captured CO2 in geological formations. The most interesting 
CO2 storage options are deep saline aquifers, mature oil fields, and depleted oil and gas fields. Injecting CO2 into 
existing (mature) oilfields to improve oil production has been utilized by the oil industry for several decades. This 
process is called CO2 enhanced oil recovery (EOR). 
Environmental assessment plays a very significant role in assessing CCS technology among other key issues of 
concern, for example, geological, technical, political, economical, and societal perspectives. A number of concepts have 
been developed to create a full understanding of the climate change environmental footprint of CO2 EOR and storage to 
assess the effectiveness of these technologies. Life cycle assessment (LCA) is a well-known environmental 
management tool that can be used for this purpose. The advantages of conducting life cycle based approach of CCS will 
enable demonstration of the effectiveness and feasibility of CO2 EOR as a storage solution for CCS. 
2. CCS model using LCA 
According to the ISO 14040:2006 series, standardized by the International Organization for Standardization (ISO), 
the methodological framework of LCA consists of the following phases: goal and scope definition, life cycle inventory 
analysis, life cycle impact assessment, and interpretation. However, this study demonstrates only the efficiency of fossil 
fuel resource use and the global warming potential.  
2.1. Goals and Scope Definition 
The ISO standard is utilized as the guide for the first phase of this LCA study, goals and scope definition. Since LCA 
is an iterative process, the scope at the beginning of the study may not evolve to be the final scope of the entire study. In 
some cases, it is important to revise the goal and scope of the study because some unknown information, limitations, or 
constraints may be revealed during the course of the study. It is noted that the scope has been revised a few times due to 
knowledge improvement, data limitation, and time constraints during the study. 
The main reason for carrying out the study is to study and analyze the implication of energy industry associated with 
CO2 capture and storage for CO2 emission reduction. The Boundary Dam Power Station (BDPS) and the Weyburn-
Midale CO2 EOR Project in Saskatchewan, Canada, are studied and adapted as the case scenarios to find the potential 
for effective application of CCS in both energy systems. Energy output is considered the product of combining these 
two energy resources (coal and oil). Therefore, comparing those scenarios based on the functional unit will be more 
effective for the interpretation. 
2.1.1. Functional unit 
The choice of functional unit is an indispensable basis to an LCA study since the LCA concept is to study the 
environmental impacts of a product or, in reality, the functions (performance characteristics) of a product in quantitative 
terms. The functional unit corresponds to the reference flow to which all flows and data (energy, materials, emissions, 
and wastes, etc.) are normalized. Energy output is considered the product of combining these two energy resources 
(coal and oil). The functional unit chosen is the gigajoule (GJ) as the fundamental unit of measurement for comparing 
the combined energy types. 
2.1.2. Boundaries 
The cradle-to-gate approach is performed in this study to identify the impact of a CCS project and its scenarios to 
the global warming potential and the efficiency of fossil fuel use. The following boundaries are considered. 
 Geographical boundaries are a result of different parts of a life cycle occurring in different parts of the world. 
Canada is the primary geological boundary. 
 Time boundaries are limited to the lifetime of the project. 
 Cut-off criteria include all inputs and outputs that result in more than 1% of the total life cycle. The total of those 
inputs and outputs that less than 1% cannot exceed 5% of the full product or process life cycle. 
2.2. Life cycle inventory 
Life cycle inventory principally includes data collection and calculation. Data collection is collecting performance 
data from assigned processes within the boundary of the process system. The collected data will then be transformed by 
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the calculation required to meet the needs of reflecting the chosen functional unit. GaBi4 software, a LCA software, will 
accommodate the data and be used to model the results of the LCI. To define the inventory for this study based on the 
use of produced energy, coal mining, electrical generation, CO2 capture process, CO2 transportation, as well as where 
applicable CO2 EOR operation, as and the use of incremental oil were accounted for.The data included in any given 
process consist of inputs and outputs. This thesis focuses on the relevant embedded carbon data. Those non-embedded 
carbon inputs and outputs, such as land use and wastewater, are excluded since they are not existent within the process 
boundary. 
3. Case studies 
There are three case scenarios used in this analysis for an 882-MW coal-fired electrical generation. The options for 
CO2 storage are CO2 EOR and a deep saline aquifer.  
3.1. Scenario A 
Scenrio A represents the baseline for the comparison performed in this study. The major processes comprised in this 
scenario are coal mining, operation of coal-fired electrical generation and its construction. The lifetime of the project is 
30 years. 
3.2. Scenario B 
Scenario B represents an alternative of CO2 emission reduction in electrical generation with CCS focused on deep 
saline aquifer for storage option. The major processes comprised in this scenario are coal mining, operation of coal-fired 
electrical generation with CO2 capture unit and their construction, CO2 transportation via pipeline including its 
construction and operation. CO2 injection process is not included since CO2 is normally compressed at CO2 capture unit 
before it is transported via pipeline. As a result, both the energy consumed and the emissions occured in the injection 
process are negligible. The lifetime of this scenario is 30 years. 
3.3. Scenario C 
Scenario C represents another alternative of CO2 emission reduction in electrical generation with CCS focused on the 
use of CO2 EOR for storage option. The major processes comprised in this scenario are coal mining, operation of coal-
fired electrical generation with CO2 capture unit and their construction, CO2 transportation via pipeline including its 
construction and operation, operation of CO2 EOR (CO2 recycle process, etc.), and the use of incremental oil recovery. 
CO2 injection process is not included since CO2 is normally compressed at CO2 capture unit before it is transported via 
pipeline. As a result, both the energy consumed and the emissions occur in the injection process are negligible. The 
lifetime of this scenario is 45 years due to the production of incremental oil recovery after 30 years of injection. 
4. Life cycle impact assessment 
Life cycle impact assessment (LCIA) comprises two major steps, classification and characterization. Classification is 
assigning LCI results into impact categories. Characterization is calculating the results of classification with impact 
indicators into comparable units in its assigned impact category. Since only global warming potential (the most 
significant impact category) and resource depletion (as fossil fuel resource use efficiency), are presented, normalization, 
grouping and weighting, are not strictly necessary for this study. Although various LCIA methods are available, the 
global warming potential (100 years standard) calculation based on the IPCC report (IPCC, 2006) is selected to perform 
the GWP of the CCS in this study regardless of any LCIA method. Meanwhile the calculation of fossil fuel resource use 
efficiency is based on the primary energy consumed in GJ per functional unit, GJ of produced energy. 
4.1.  Global warming potential  
In Figure 1, the GWP of three scenarios are compared. The GWP impacts of scenario A and B are mainly caused by 
CO2 emissions during operation of electrical generation. Meanwhile CO2 emission from the use of incremental oil 
recovery primarily causes the impact of GWP.  
J. Suebsiri, M. Wilson / Energy Procedia 4 (2011) 2465–2469 2467
44.2. Fossil fu
The fossil
scenario A an
use of fossil 
5. Interp
GJ, a unit
unit. Both al
saline aquife
represents 80
lowest GWP
electrical gen
assumption t
el resource u
 fuel resource
d B are main
fuel resource 
retation 
 of energy, is 
ternatives off
r storage) pre
% reduction 
, it is the m
eration with 
o accommoda
k
g
C
O
2
eq
u
iv
a
le
n
t/
G
J
G
J
 p
ri
m
a
ry
 e
n
e
rg
y
 u
se
/G
J
 e
n
e
rg
y
 p
ro
d
u
ce
d
Au
Figure
se efficiency 
 use efficien
ly caused by 
in the use pha
Figure 2 Fo
used to provi
er different d
sents the bes
compared to t
ost practical 
CO2 capture
te a complex 
0
100
200
300
400
A
g
2
q
0
1
2
3
4
5
A
thor name / Ene
 1 Global war
cy of three sc
lignite consu
se of increme
ssil fuel reso
de a consisten
egree of impr
t result as th
he base case 
selection in 
 and use the 
scenario. If a
B
Scenario
GWP
B
Scenario
Fossil Fuel
rgy Procedia 00 
ming potentia
enarios are c
mption during
ntal oil recov
urce use effic
t number tha
ovement of G
e lowest GW
scenario (scen
combing thes
captured CO
nother techniq
C
C
Resource Us
(2010) 000–000
l (original in 
ompared in F
 operation of
ery contribute
iency (origina
t is comparab
WP over the
P, 65 kg CO
ario A). Even
e two energy
2 for EOR an
ue is to be us
Ref
EO
Pip
Pip
Op
gen
Con
gen
Co
Ref
We
EO
ope
gen
pip
cap
con
gen
coa
e Efficiency
colour) 
igure 1. The 
 electrical gen
 the largest sh
l in colour)
le when energ
 base case. S
2 equivalent 
 though Scen
 systems. It 
d storage. Th
ed for EOR t
inery product us
R operation
eline (deep salin
eline (EOR)
eration of electric
eration
struction of elec
eration
al mining
inery
ll assembly
R operation
ration of electric
eration
eline
ture plant
struction of elect
eration
l mining
impacts of re
eration. In sc
are.  
y is used as t
cenario B (CC
per GJ. In ot
ario C do not
is the case t
is represents
o increase the
age
e)
al
trical
al
rical
source use in
enario C, the
he functional
S with deep
her words, it
 allow for the
o retrofit the
 a simplified
 rate of crude
2468 J. Suebsiri, M. Wilson / Energy Procedia 4 (2011) 2465–2469
 Author name / Energy Procedia 00 (2010) 000–000 5
oil production, applying CCS with CO2 EOR allows the best practice for GHG emission reduction of these energy 
systems. 
Retrofitting the electrical generation with CCS using any storage option tends to decrease the efficiency of fossil fuel 
resource use compared to the base case scenario. CO2 EOR as the storage option offers higher efficiency of fossil fuel 
resource use than the deep saline aquifer option. 
6. Conclusion 
This is a new area of endeavor since there is no clearly defined approach to deal with the environmental assessment 
of CCS. Even though a few publications on LCA of CCS have introduced CO2 EOR as a storage option, none of them 
have combined coal-fired electrical generation and CO2 EOR as one unit system to find the implications of the energy 
balance. The strategies in this study, therefore, develop some incremental understanding of the complexity of CCS with 
CO2 EOR and storage and provide some additional interpretation of the outcomes. 
In all case scenarios above, only four major processes, where applicable, must be considered in conducting LCA of 
CCS: coal mining, electrical generation operation, CO2 EOR operation, and the usage of incremental oil recovery. Other 
processes are insignificant to both total GHG emission and GWP of CCS expressed in the energy output of the system 
since each process accounted for less than 1% with a total of less than 5%. 
Since the main purpose of the application of CCS technology is to reduce GHG emissions into the atmosphere, 
conducting GWP analysis of CCS definitely explains the impact level of GHG emission on each scenario. Even though 
the lowest GWP (kg-CO2 equivalent per GJ) can be simply observed from the GWP of CCS comparison, it is not 
necessarily the best choice for selection criteria. For decision making, other aspects need to be concerned, such as 
economic and political considerations. From an environmental perspective, in the selection procedure for a scenario, it 
is highly recommended that consideration be given to the fossil fuel resource use efficiency. This study demonstrates 
that the GWP reduction is directly related to fossil fuel resource use efficiency. This means the lower GWP level of 
CCS, the lower efficiency of fossil fuel resource use as well.  
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